The proton conductivity of a Nafion 112 membrane is measured with a resolution of ca. 10 nm using Electrochemical Atomic Force Microscopy. The observations are compared with the Gierke model of the micro-morphology due to phase separation of the hydrophobic polymer backbone and the hydrophilic pendant groups. The results demonstrate a highly inhomogeneous conductivity distribution which is attributed to the limited connectivity of hydrophilic domains. A pronounced peak was found in histograms representing the number of conductive areas with a certain current. We suggest that the measured current significantly depends on the formation of a continuous network in the membrane, so that the same conductivity can be measured at all pore exits. These pore exits to some extent seem to be quantized in size, even though they are of irregular shape.
Introduction
In proton exchange membranes based on sulfonic acid groups the conductivity is a complicated process that is favored by a high level of hydration and strongly dependent on the pretreatment of the membrane and the operating parameters [1, 2] . Since the membranes have to operate under dynamic fuel cell conditions it is important to clarify how polymer structure affects conductivity. In Nafion, the hydrophilic sulfonic acid groups are located on short pendant side chains which are bound in regular distances of ca. 4 nm on the hydrophobic perfluorinated −(CF 2 ) n − backbone. This is thought to lead to a micro-phase separation into hydrophobic and hydrophilic domains in which the acid groups form spherical inverted micelle-like water clusters of ca. 4 nm diameter which are interconnected by channels with a diameter on the order of 1 nm (see Gierke et al . [3, 4] or Mauritz [5] ). Since this model is based on small-angle x-ray and neutron scattering experiments it represents average sizes. The morphological information is limited by the fact that Nafion yields only a single, broad scattering maximum attributed to characteristic dimensions within the ionic domains and the diffraction reflections of the PTFE-like crystallites are broad and relatively weak due to low degrees of crystallinity. It has proven difficult to verify the model experimentally and in particular to obtain also a view of the distribution of channels and clusters. Generally, under water-equilibrated conditions at room temperature Nafion membranes absorb roughly 21 water molecules per sulfonic acid group. This number depends upon the method of membrane preparation and drying conditions. Furthermore, the channel structures are probably always fluctuating, but the clusters are sufficiently close together to form a continuous transport pathway at sufficiently high RH values so that the percolation limit is reached [6, 7] .
There are numerous theoretical studies which explain the molecular mechanisms of proton conductivity by a combination of the Grotthuss mechanism and of "vehicle transport" where the diffusing proton drags water molecules along through the membrane [ 8 ] . In recent years, there has also been intense experimental research aimed at investigating the mechanism of conduction in polymer membranes. Mostly, the proton conductivity in the polyelectrolyte was measured macroscopically and generally assumed to be homogeneous. Among various experimental techniques, local probes (such as atomic force microscopy, AFM) have proven to be powerful tools for the investigation of materials with inhomogeneous properties. The first study of the surface ionic activity of Nafion was carried out by Bard's group using electrochemical scanning microscopy [9] . O'Hayre et al. applied an AFM impedance imaging technique in order to evaluate the ionically active domains [10] . More recently we have demonstrated that the proton conductivity can be measured using electrochemical atomic force microscopy (EC-AFM) [11, 12] . The resolution of typically 10 nm is many orders of magnitude better than that of conventional integral measurements, and it provides striking information about inhomogeneities in the distribution of proton conductive channels. At a relative humidity as high as 80% the size of non-conductive regions spans a range of up to several hundred nanometers. Generally, current inhomogeneities can give rise to enhanced local dissipation of heat of reaction that may lead to "hot spots" at places with very high reactant turnover, causing higher membrane resistance due to partial membrane drying at the anode side and initiating free radical formation, which can accelerate membrane degradation [13] . In all measurements it was observed that conductivity increases with increasing relative humidity, which is in agreement with macroscopic views. In similar experiments using phase-current correlation microscopy, Buratto et al. demonstrated that a large number of the aqueous domains present at the surface of a Nafion membrane are inactive [14] . Furthermore, Nguyen et al. found that the ionic conduction distribution vs. current follows approximately a Gaussian function, with the peak and half width values increasing exponentially with relative humidity [15] .
In the present contribution the EC-AFM technique was applied for the investigation of the proton conductivity at the surface of a Nafion membrane, with the aim to relate it to details of the micro-phase separation and the proposed channel structure. We present the results of various methods of image analysis, all based on a single experiment with Nafion 112 at a relative humidity (RH) of 63% and an applied voltage of 0.9 V.
Experimental
All experiments were performed with a Nafion 112 membrane which was coated on one side with commercial Pt-catalyst (1.0 mg cm -2 ), applied by the dry layer preparation method at the German Aerospace Center (DLR, Stuttgart) [ 16 ] . A platinum-coated conductive tip of a commercial AFM scanning microscope (Nanoscope III, Digital Instruments) served as a counter electrode (cathode). The instrument was equipped with a fluid cell and a voltage source. The atmosphere was humidified air and the same on both sides, so that the electrode reaction was water oxidation at the anode, while the cathode reaction was identical to the oxygen reduction reaction in a polymer electrolyte fuel cell. The electrical current in the tip relates directly to the proton conductivity of the membrane, which is measured with a resolution of typically 10 nm. All measurements were performed at ambient temperature in a climate chamber to control the relative humidity and ensure an equilibrated state of the membrane. Details of the setup have been given previously [11, 12] . All images and surface calculations were analyzed using the WSxM Scanning Probe Microscopy software version 4.0 [17] .
Results and Discussion
Distribution of conductive regions:
The size of the conductive regions and their distribution controls the integral current density that is supported by a fuel cell. The conductivity image presented in Figure 1 reveals enormous inhomogeneities. The details are more easily seen from the current profile across the image which shows spectacular current peaks separated by gaps with essentially zero conductivity. The observed distances between the conductive areas are in a range of up to 200 nm. The polymer structure dictates that the distance between neighboring sulfonic acid groups cannot exceed ca. 4 nm. This means that a large fraction of acid groups in this non-conducting regime is inactive, most likely because they are not connected to the continuous ionic network in the membrane. Optimal catalyst utilization is crucial for economical fuel cell operation. The particles on an inactive spot of the polymer surface contribute only to the cost of the cell.
The fact that the conductivity between the peaks is near zero means that there is also no lateral proton conductivity on the surface of the membrane across these presumably hydrophobic regimes. With fresh membranes it is only at RH>90% that the peaks obtain clear wings which indicate that a surface water film is formed such that crossconductivity sets in [12] . Additionally, it is important to note that the measured maximum current significantly depends on the applied voltage and on the relative humidity in the environmental chamber, but this is not a subject of the present work.
In most cases the higher current values are detected at positions with the smallest pore sizes, typically in the range of 9-12 nm in diameter. Furthermore, when the individual channels are placed close together and no longer separated this leads to a reduction of the maximum detectable current values. This behavior was investigated further, and it was found that the maximum current depends on the total time which the AFM probe spends on top of the conductive channel [12] . In principle, when the AFM probe contacts any exit of a communicating channel system the measured current can be close to the same. It means that the performance of the entire ionic network is probed at each channel exit. In order to analyze the distribution of conductive channels derived from the current image a threshold of 17 pA was chosen (see Figure 1 ). This allows us to create a twodimensional image at the cut-off level, as demonstrated in Figure 2 . The bright encircled areas represent the conductive regions at the membrane surface. Due to the fact that at higher RH values neighboring channels seem to merge, it was not possible to distinguish between all individual pores or to measure the exact size of the channels, but we suggest that they are also in the expected range of several nanometers. Generally, the resolution in the current image is determined by the contact area between the probe tip and the Nafion surface. The apparent size of the conductive channels depends on the size of the water meniscus formed between the AFM tip and the membrane. In the upper part of the 3-D image in Figure 2 we observe traces in the scanning direction which can partly originate from surface water that is dragged along by the AFM tip. At higher RH the water meniscus formed around the AFM tip can also be responsible for the lower resolution and for an apparent increase of the conductive area. It should be mentioned in this context that in some experiments at a slightly higher humidity (ca. 70% RH) we measured already an in-plane conductivity at the polymer surface. Typically, such a behavior was observed with Nafion membranes which had been used previously and had been stored in water for often several days. This probably has to be explained by the structural changes due to further water uptake of the ionomer.
The size distribution of conductive areas is plotted on the right of Figure 2 . It is seen that the distribution is not continuous but to some extent appears to be "quantized". Approximately 67% of the conductive spots have an area below 200 nm 2 . Although this is considerably larger than predicted [4] they probably correspond to single ionomer channels, but we should keep in mind that the resolution in the AFM image always depends on the quality of the probe tip, which in our case has a diameter of about 10 nm. The resolution of the image is given by a convolution of tip shape and the true conductivity.
There are further conductive spots of ca. 800 nm 2 , 1250 nm 2 and 2300 nm 2 area, but essentially nothing in between. An explanation of this intriguing observation may be attempted on the basis of aggregated channels which cannot be resolved by the AFM probe. To check for this, Figure 3 zooms into Figure 2 . It reveals that the conductive spots are not at all circular, rather they are of irregular shape and often a bit lengthy in the scanning direction. It is difficult to discern the reason for the apparent quantization. The lengthy shape may again mean that the probe tip drags the water droplet (which is partly produced at the opening of a conductive channel during the measurement) along. On a larger scale the conductive regions furthermore sometimes seem to group to a rope-like structure, although often incompletely connected at the surface (not shown). Figure 1 .
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Transport properties and current distribution
The proton transport in the polymer electrolyte is complex due to the fact that water is involved in various processes including transport in the membrane via electro-osmosis, (back-)diffusion, electrochemical formation via oxygen reduction, and via evaporation and condensation when the local temperature changes. The local yield of the oxygen reduction reaction is directly related to the local proton conductivity, therefore it is important to understand this conductivity. For an investigation of the current distribution we plotted the number of conductive pixels as a function of measured current in Figure  4a and the normalized current distribution in Figure 4b .
In both presentations it is clearly seen that there are two features, a broad distribution and near the upper end of this distribution a remarkable and extremely sharp peak. They seem to reflect two different conduction processes. We believe that the broad peak at lower current values is probably related to dead-end pores which are not connected to the entire network in the membrane, or it may also just be a bottleneck. The broad distribution loses amplitude with decreasing humidity (not shown here) and may be related to the residual lateral conductivity at the membrane surface. The sharp peak may be a consequence of the channel network which has the effect that the same current is observed no matter at which exit the network is probed. This peak persists down to RH values near 30%. It consists not only of a single histogram bin. At expanded scale it can be resolved into a band which is likely the Gaussian distribution that was reported also by Xie et al. [15] . The observation of this peak is taken as evidence for an efficient connectivity of the ionic network. Generally, increasing the RH leads to a shift of the dominant peak to higher values [12] , which probably corresponds to a lower resistance due to the connection of further conducting channels to the conducting polymer network. In theoretical models this behavior was explained on the basis of the morphological variations of hydrophilic channels, accompanied by rotation and orientation of the sulfonic acid groups in the hydrophilic domains, as proposed in the cluster model [18] .
An important conclusion of our measurements is that at given RH there must be an optimum for the connectivity between ionomer channels. Water content affects not only the pore size but also the pore distribution inside the membrane and at its surface. In this context it should be mentioned that according to Eikerling et al. there is a difference between ''bulk water'' in the center of large pores in which proton transport is efficient and based on the Grotthuss mechanism, whereas protons in small pores migrate by the vehicle mechanism via water molecules which are attached to the pore walls, interspersed between the sulfonic acid groups which exert a strong electrostatic attraction [ 19 ] . Consequently, we suggest that the broad peak is related to pores which near their exit are not sufficiently large to provide transport via the Grotthuss mechanism. However, at present it is difficult to distinguish between the different mechanisms.
Dependence of the current density on channel size
We now further evaluate the conductivity peak near 160 pA shown in Figure 4 . Setting the threshold in the 3-D current image at 150 pA we obtain the channel size distribution that corresponds to this peak ( Figure 5 ). It can be clearly seen that the areas of the conductive domains at higher current values is in the range from 100 nm 2 to 800 nm 2 . In between the number of conductive channels goes to zero. However, the main part of the measured current is concentrated in the conductive regions of around 130 nm 2 which corresponds to a radius of ca. 6 -7 nm for circular spots. This observation suggests that the proton transport in these smaller ionically active domains is particularly efficient, indicating a special conduction process. Conversely, it could also be the effect of the transient current measured by the AFM probe. Unfortunately, the technique cannot distinguish between these two effects. Generally, we observed complex not well-defined dependencies of ionic domain size and spacing, which is similar to the trends predicted in the modeling of conductivity and morphology [8, 18] . , 11 (13) 1-9 (2008) 
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